Left ventricular (LV) myocardial atrophy and diminished cardiac function have been shown to accompany chronic human tetraplegia. These changes are attributable both to physical immobilisation and abnormal autonomic circulatory regulation imposed by a spinal cord injury (SCI). To test whether exercise training increases LV mass following chronic SCI, 8 neurologically complete quadriplegic males at 2 SCI rehabilitation and research centres underwent one month of electrically-stimulated quadriceps strengthening followed by 6 months of electrically-stimulated cycling exercise. Resting M-mode and 2-D echocardiograms were measured before and after exercise training to quantify the interventricular septal and posterior wall thicknesses at end-diastole (IVST ED and PWT ED, respectively), and the LV internal dimension at end-diastole (L VI D ED). LV mass was computed from these measurements using standard cube function geometry. Results showed a 6·5% increase in LVIDED foliowing exercise training (p<0·02), with increases in IVSTED and PWTED of 17·8 (p<0·002) and 20·3% (p<O·Ol), rspectively. Computed LV mass increased by 35% following exercise training (p=0·002). These data indicate that myocardial atrophy is reversed in tetraplegics following electrically-stimulated exercise training, and that the changes in cardiac architecture are likely to be the result of both pressure and volume challenge to the heart imposed by exercise.
and alter its pumping efficiency. In particular, two pathologically-distinct hemodynamic states are known to promote unique structural alterations of the human heart. The more common of these states occurs when left ventricular pressure or volume are elevated secondary to essential hypertension and peripheral arterial disease,s or ventricular outflow obstruction (idiopathic hypertrophy subaortic stenosis or aortic stenosis),6 disorders which are associated with hypertrophy of the left ventricular (LV) myocardium. In contrast, a less prevalent state resulting in cardiac atrophy has been described in individuals who sustain chronic underloading of ventricular pressure� ventricular volume, or both. The latter changes in hemodynamic state commonly result in undesirable changes in cardiac morphology and function due to diminution of myocardial wall stress. 7 This type of cardiac atrophy is causally and mechanistically distinct from myocardial regression, a process characterised by loss of mass from an already hypertrophied myocardium following pharmacological resolution of chronically elevated blood pressure. 8 In contrast to myocardial regression, true cardiac atrophy has been reported in individuals with otherwise normal cardiac structure who sustain extended periods of imposed physical immobilisation,9 starvation, or abrupt weight IOSS. 1 0 More recently, cardiac atrophy has been reported in human tetraplegics, a finding attributable to both physical immobilisation imposed by loss of motor function and diminished cardiac filling following chronic vasomotor paralysis. The cardiac atrophy described in tetraplegics is independent of body surface area and has been documented both by echocardiography and pathological shifting of the electrical axis of the heart toward the right. 11
Echocardiography is a reliable non-invasive tool which has been used to assess the influences of both cardiac disease and exercise training on cardiac structure and performance in able-bodied persons. 1 2 , 13 Previous cross-sectional and prospective echocardiographic studies have found that LV mass is greater in exercise-trained than in sedentary persons, and have suggested that wall stress imposed by exercise induced pressure and/or volume challenge is responsible for promoting increased myocardial mass. 14-1 8 These studies have also suggested that the mechanisms by which LV mass increases following exercise may differ depending on the type of exercise mode and intensity used.
To date, a study examining the effects of exercise on cardiac atrophy in tetraplegic individuals has yet to be performed. Because tetraplegics have limited voluntary use of upper extremity muscle mass and diminished physical work capacity, an exercise intensity sufficient to promote cardiac pressure or volume loading is not easily satisfied by the use of arm ergometry exercise. Therefore, we sought to determine whether electrically-stimulated cycling exercise (ESCE) might provide a training stimulus of adequate intensity and duration to reverse paralysis related loss of LV mass.
The purpose of this study was to examine whether electrically-stimulated cycle ergometry exercise training reverses cardiac atrophy in human tetraplegics.
Methods

Subjects
Eight SCI volunteers from two SCI centres served as study subjects. The Table I .
Exercise training
Study subjects underwent one month of quadriceps muscle trammg using transcutaneous electrical current (compensated monophasic rectangular wave, 40 Hz, 375 microseconds pulse duration, constant current, Therapeutic Tech nologies, Inc.) applied to the anterior thigh using three carbon silastic electrodes.
Subjects were trained three times weekly on non-consecutive days using a progressive resistance exercise algorithm. During each training session the seated Wheelchair type
subjects performed 45 repetitions of electrically-stimulated knee extension through 45° range from the 90° gravity-dependent position. All subjects began training with a one pound weight attached to their ankle. When the subjects were able to complete the targeted 45 repetitions, the weight was increased by two pounds for the next training session. If the subject was unable to complete this designated number of contractions the weight was reduced by one pound. Each quadriceps contraction lasted 6 seconds (3 seconds concentric, 3 seconds eccentric) with a 14 second rest period between lifts.
Following the quadriceps muscle training phase, subjects underwent cycle ergometry training three times weekly on non-consecutive days for 6 months.
Subjects were prepared for electrically-stimulated cycling using three carbon silastic electrodes placed over the bilateral quadriceps, hamstring and gluteus muscle groups. Cycling was performed in the seated position using computer 
Chronotropic and pressor responses to acute exercise
Average chrontropic and pressor responses were quantified during two successive bouts of 30 minutes of steady state cycling on non-consecutive days, each at the highest resistance level attained by the individual subjects. The heart rate (HR) was taken before and after electrically-stimulated exercise by palpation of the radial artery for 10 seconds. Systolic and diastolic blood presures (BP SYSTOL IC and BP DIA STOL IC' respectively) were obtained by auscultation of the left brachial artery, with mean blood pressure (BPMEAN) calculated as twice the diastolic BP plus once the systolic BP divided by three. Heart rate and BP measurements were also taken liberally throughout exercise training at other times.
Echocardiography
Echocardiograms were performed before and after exercise training with subjects • LEFT VENTRIClE 
Data analysis
Differences between pre-and post-training mean values for the dependent measures were tested for significance using one-way multivariate analysis of variance (MANOVA). A difference between the two means was considered statistically significant if a probability equal to, or less than 0·05 was obtained.
Results
Analysis of the pre-training electrocardiograms showed that none of the subjects began treatment with brady-or tachyrhythmia, evidence of resting myocardial ischaemia or a history of myocardial infarction. Two-dimensional echocardiograms performed on all subjects confirmed the presence of normal shaped ventricles without evidence of wall motion irregularity, ventricular aneurysm, mitral valve prolapse, or hypertrophic cardiomyopathy.
All subjects completed both leg training and cycle ergometry phases of exercise without medical complication. No episodes of brady-or tachycardia, autonomic hyperreflexia, or vasovagal syncope were sustained during or following any of the exercise treatment sessions. Heart rate and blood pressure responses to steady state exercise at the highest attained cycling resistance are shown in Table II . Significant increases in exercise HR (p<O'OOI) and BPSYSTOLIC (p<O'OOl) were sustained by the subjects, accompanied by significant reduction of BPDl A STOLIC (p<O·OOl). No significant effect of exercise on BP M E AN was observed.
Comparison of pre-and post-training echocardiograms showed significant changes for all LV dimensions studied (Table III) . LVIDED increased 6'5% from 48'9±3'4 to 52'1 ±4'1 millimeters (p<0·02). Thicknesses of the septum and posterior wall at end-diastole increased by 17'8 (p<0'002) and 20'3% (p<O'OI), respectively. Computed LV mass increased by 35% from 139'9±51'8 to 188'9±42'1 grams following completion of the exercise training programme (p=0·002).
Discussion
It is commonly recognised that cervical spinal cord trauma and disease lead to cardiodynamic states differing profoundly from those observed in the neurologically intact system. 21 , 22 When compared to healthy able-bodied persons, tetraplegics show cardiovascular and hemodynamic adjustments including reduction of resting cardiac output and stroke volumell, 2 3 secondary to diminished venous return. Peripheral venous insufficiency and pooling have also been noted in chronic tetraplegics, findings which are explained by loss of vascular smooth muscle tone accompanying sympathectomy, 24, 2S absence of active lower extremity muscle pump, extravasation of fluids in the lower extremities, 2 6 and altered breathing mechanics favoring diminished efficiency of the abdominal-thoracic vascular pump. 27 It would reasonably be expected that these hemodynamic conditions coupled with diminished resting sympathetic division outflow of the autonomic nervous system (ANSi2 would lead to reduced cardiac wall stress and diminished myocardial work, with subsequent compensatory changes in cardiac structure and performance.
The adaptive responses of cardiac muscle to naturally occurring pathological and experimentally-imposed conditions have been described both in humans and in laboratory animals. 7 , 10, 2 8 The effects of altered systemic pressure and volume on cardiac wall stress and architecture have been investigated in able-bodied persons,9
and more recently, studied in individuals with SCI.
II In a study comparing echocardiographically-derived cardiovascular findings in tetraplegic, paraplegic and normal subjects, tetraplegics had 26% less LV mass, a finding characterised by reduction of LV cavity size with unremarkable wall thicknesses. The same subjects also showed decreased resting cardiac output, stroke volume, and mean arterial pressure in the sitting position, and elevated peripheral vascular resistance. The computed systolic wall stress index was significantly reduced in these subjects, a fmding thought to be responsible for the underlying LV atrophy. The major factor contributing to the diminished calculated wall stress was a decreased LV chamber dimension, a function of chronically depressed venous return. While cardiac end-systolic volume (afterload) was observed to be normal in tetraplegics, cardiac end-diastolic volume (pre-load) was observed to be significantly diminished when compared to paraplegic and able-bodied subjects. Previous research performed on tetra-and paraplegic subjects has shown that ESCE training promotes increased physical work capacity as assessed by arm ergometry testing. 35 The present study reports that tetraplegics undergoing a similar ESCE exercise training protocol also sustain significant changes in cardiac morphology characterised by increases in wall thickness, chamber size, and the mass of the left ventricle. The LV mass changes observed in this study exceed those evoked by cardiorespiratory exercise training in able-bodied persons on a percentage basis, but do not approach levels considered predictive of a pathological state. 36 While the increases in LV mass by the study subjects may be large, to date, no studies have been performed examining the effect of exercise conditioning on individuals with either documented cardiac atrophy or systemically altered hemodynamic patterns. In one representative prospective study on able bodied subjects, arm and leg exercise training was shown to promote increased LV mass in able-bodied persons by 9·5%, but the study subjects started the training programme with a mean LV mass of 190±28 grams, and normal thicknesses of the posterior wall and interventricular septum. 37 These initial levels of cardiac mass contrast with our study subjects who had a dramatically lessened pre-training mean LV mass (139·9±51·g grams) with significantly thinned walls and small LV chamber dimension. Thus, the extent of their physical deconditioning may have contributed to the large increase in LV mass found following exercise training.
This finding is consistent with other cardiorespiratory conditioning studies in which the greatest changes cardiac dimensions are sustained by those subjects who are most deconditioned at the time of entry into the study. 3 8, 39 It is interesting to note that the increase in cardiac mass found following ESCE training is attributable both to increased LV wall thickness and chamber size. The exercise literature suggests that LV hypertrophy following exercise training may result from one or both of two distinct hypertrophic mechanisms depending upon the mode and intensity of exercise or cardiac overload. In one study of 56 athletes aged 18 to 24 years, mean ventricular end-diastolic volume and mass were reported to increase in aerobic athletes (runners and swimmers), whereas isometric athletes (wrestlers) had increased wall thickness and mass.4 0 Thus, changes in LV mass for the endurance athlete may result from hemodynamic mechanisms favouring chronic volume overload, whereas hypertrophy associated with resistance exercise is more likely attributable to chronic pressure overload. 4 1 That LV hypertrophy in the present study is attributable both to increased LV chamber size and wall thickness suggests that both pressure and volume overload imposed by the ESCE exercise were responsible for the observed changes in cardiac structure.
Conclusions
We conclude that ESCE exercise training reverses the adaptive LV atrophy which accompanies chronic human tetraplegia, and that augmented LV mass following training is attributable both to increased ventricular wall thicknesses and chamber size. This suggests that the observed chronic change in cardiac architecture results from both increased circulatory volume and pressure accompanying this form of exercise. The physiological and anatomical effects of this treatment on other body systems of the tetraplegic individual require additional investigation.
